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Despite extensive technological advances in recent years,
objective and continuous assessment of physiologic mea-
sures after vaccination is rarely performed. We conducted
a prospective observational study to evaluate short-term
self-reported and physiologic reactions to the booster
BNT162b2 mRNA (Pfizer-BioNTech, https://www.pfizer.
com) vaccine dose. A total of 1,609 participants were
equipped with smartwatches and completed daily ques-
tionnaires through a dedicated mobile application. The ex-
tent of systemic reactions reported after the booster dose
was similar to that of the second dose and considerably
greater than that of the first dose. Analyses of objective
heart rate and heart rate variability measures recorded by
smartwatches further supported this finding. Subjective
and objective reactions after the booster dose were more
apparent in younger participants and in participants who
did not have underlying medical conditions. Our findings
further support the safety of the booster dose from subjec-
tive and objective perspectives and underscore the need
for integrating wearables in clinical trials.

he severe acute respiratory syndrome coronavirus

2 Delta variant (also termed variant B.1.617.2) was
discovered in October 2020 in India and was designat-
ed as a variant of concern by the World Health Orga-
nization in May 2021 (1-3). Since its discovery, it has
spread worldwide and has rapidly become the most
dominant variant in many countries (4-7). Although
the BNT162b2 COVID-19 vaccine (Pfizer-BioNTech,
https:/ /www.pfizer.com) is highly effective against
the Alpha variant (8), recent studies show that the
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effectiveness of the Pfizer-BioNTech vaccines is no-
tably lower against the Delta variant: 88% compared
with 93.7% against the Alpha variant (9-12). More-
over, recent evidence shows that fully vaccinated
persons infected with the virus can easily transmit
it because their peak viral burden is similar to that
observed for unvaccinated persons (7,10). In Israel,
the Delta variant has accelerated coronavirus disease
(COVID-19) infection and hospitalization; numbers
doubled every 10 days during July 1-August 9, 2021
(7,13), despite the high coverage of the BNT162b2
vaccine in Israel during this period, which was >75%
coverage with 2 Pfizer doses in the eligible popula-
tion (persons >12 years of age) (13).

The rapid increase in hospitalizations associated
with the Delta-driven COVID-19 resurgence and the
imminent risk for hospital overcrowding led the Is-
raeli government to initialize on July 30, 2021, an
unparalleled, proactive, national third (booster) vac-
cine shot campaign, offering the BNT162b2 mRNA
COVID-19 vaccine to persons >60 years of age. On
August 13, 2021, the booster campaign was expand-
ed to include persons >50 years of age and reached
63% third-dose coverage among the eligible popula-
tion within only 26 days (7,14-16). Two weeks later,
on August 29, 2021, the campaign was expanded to
include all persons >16 years of age, requiring only
that 5 months had passed since the receipt of the sec-
ond dose. This effort reached 40% third-dose cover-
age among the eligible population <50 years of age
within 16 days (13,17).

Limited information is available on the safety of a
BNT162b2 third dose (18,19). Such a booster vaccine
has yet to be authorized by the US Food and Drug
Administration (FDA) for the general population
(20). Although recent evidence shows that a third
BNT162b2 dose for immunocompromised persons
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has a favorable safety profile (19,21), the safety of a
third (booster) dose in the general population has not
yet been fully established.

Clinical trial guidelines for assessing the safety
of vaccines, including the FDA criteria (22), are pri-
marily based on subjective, self-reported question-
naires. Despite the extensive advances in recent
years, objective, continuous assessment of physio-
logic measures postvaccination is rarely performed.
Two recent pioneering studies demonstrated the use
of wearable devices to monitor short-term physi-
ologic changes after the first and second doses of
the BNT162b2 mRNA vaccine. The first study (23)
used a chest-patch sensor to monitor changes in 13
different cardiovascular and hemodynamic vitals in
a cohort of 160 persons up to 3 days postvaccina-
tion. The second study (24) used a consumer-grade
smartwatch to evaluate changes in heart rate vari-
ability (HRV), resting heart rate, and respiration rate
in a cohort of 19 persons. Both studies found major
changes in several physiologic measures in the first
days after vaccination.

We evaluated the short-term effects of a third
BNT162b2 mRNA COVID-19 vaccine dose on self-
reported and physiologic indicators on a relatively
large sample. Specifically, we tested 2,912 partici-
pants; of these persons, 1,609 participants received
>1 doses of the BNT162b2 vaccine after entering
the study. Participants were equipped with Garmin
(https:/ /www.garmin.com) Vivosmart 4 smart fit-
ness trackers and completed daily questionnaires
by using a dedicated mobile application for 37 days,
starting 7 days before vaccination. The mobile appli-
cation collected daily self-reported questionnaires
on local and systemic reactions, as well as various
well-being indicators. The smartwatch continuously
monitored several physiologic measures, including
heart rate, HRV, and blood oxygen saturation level
(SpO,). Our analysis of comprehensive data for each
participant examined the safety of a third (booster)
vaccine dose from a subjective perspective (self-re-
ported questionnaire) and an objective perspective
(smartwatch data).

Materials and Methods

Study Design and Participants

The 2,912 participants (>18 years of age) in our
study were recruited during November 1, 2020-
September 15, 2021. The 1,609 participants who re-
ported receipt of >1 of the 3 BNT162b2 mRNA CO-
VID-19 vaccine shots after joining the study served
as the base dataset for our analysis. All participants
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received the BNT162b2 mRNA vaccine. Specifical-
ly, of the 1,609 participants, during the study, 223
received their first dose, 351 their second dose, and
1,344 their third dose. Among these participants,
111 received both the second and third doses, 85
received both the first and third doses, and 80 re-
ceived all 3 doses.

We used a professional survey company to re-
cruit participants and ensure they followed through
with the study requirements. Participant recruit-
ment was performed by using advertisements on
social media and word-of-mouth. Each participant
provided informed consent by signing a form after
receiving a comprehensive explanation on the study.
Participants then completed a 1-time enrollment
questionnaire, were equipped with Garmin Vivo-
smart 4 smartwatches, and installed 2 applications
on their mobile phones: the PerMed application (25),
which collected daily self-reported questionnaires,
and an application that passively recorded the
smartwatch data. Participants were asked to wear
their smartwatches as much as possible. The survey
company ensured that participants’ questionnaires
were completed daily, that their smartwatches were
charged and properly worn, and that any technical
problems with the mobile applications or smart-
watch were resolved. Participants were monitored
through the mobile application and smartwatches
for 37 days, starting 7 days before vaccination.

We implemented several preventive measures to
minimize attrition and churn (attrition rate) of par-
ticipants and consequently improve the quality, con-
tinuity, and reliability of the collected data. First, each
day, if by 7:00 pm participants had not yet completed
the daily questionnaire, they received a reminder no-
tification through the PerMed application. During the
peak periods of COVID-19 vaccination in Israel, we
increased the frequency of the reminders and adjust-
ed their content. Second, we developed a dedicated
dashboard that enabled the survey company to iden-
tify participants who continually neglected to com-
plete the daily questionnaires or did not wear their
smartwatch for a long period of time; these partici-
pants were contacted by the survey company (either
by text messages or telephone calls) and were encour-
aged to better adhere to the study protocol. Third, to
strengthen participants’ engagement, a weekly per-
sonalized summary report was generated for each
participant and was available inside the PerMed
application. Similarly, we sent a monthly newsletter
that contained recent findings from the study and
useful tips regarding the smartwatch’s capabilities to
the participants.
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PerMed Mobile Application

Participants used the PerMed mobile application (25)
to fill out daily questionnaires. The questionnaire
enabled participants to report various well-being in-
dicators, including mood level (on a scale of 1 [aw-
ful] to 5 [excellent]), stress level (on a scale of 1 [very
low] to 5 [very high]), sport activity duration (in min-
utes), and sleep quality (on a scale of 1 [awful] to 5
[excellent]). The questionnaire also collected data on
clinical symptoms consistent with the local and sys-
temic reactions observed in the BNT162b2 mRNA
COVID-19 clinical trial (26), with an option to add oth-
er symptoms as free text (Appendix, https:/ /wwwnc.
cdc.gov/EID/article/28/7/21-2330-Appl.pdf).

Smartwatch

Participants were equipped with Garmin Vivosmart
4 smart fitness trackers. Among other features, the
smartwatch provides all-day heart rate and HRV and
overnight SpO, tracking capabilities (27).

The optical wrist heart rate monitor of the smart-
watch is designed to continuously monitor heart rate.
The frequency at which heart rate is measured varies
and might depend on the level of activity of the user:
when the user starts an activity, the optical heart rate
monitor’s measurement frequency increases.

Because HRV is not easily accessible through
Garmin’s application programming interface, we use
Garmin’s stress level instead, which is calculated on
the basis of HRV. Specifically, the device uses heart
rate data to determine the interval between each
heartbeat. The variable length of time between each
heartbeat is regulated by the body’s autonomic ner-
vous system. Less variability between beats correlates
with higher stress levels, whereas an increase in vari-
ability indicates less stress (28). A similar relationship
between HRV and stress was also seen by Kim et al.
(29) and Pereira et al. (30).

The pulse oximetry monitor of the smartwatch uses
a combination of red and infrared lights with sensors on
the back of the device to estimate the percentage of oxy-
genated blood (peripheral SpO,%). This monitor is acti-
vated each day at a fixed time for 4 hours (the default is
2:00-6:00 am). When we examined data collected in our
study, we identified a heart rate sample approximately
every 15 seconds, an HRV sample every 180 seconds,
and an SpO, sample every 60 seconds.

Although the Garmin smartwatch provides state-
of-the-art wrist monitoring, it is not a medical-grade
device. Some readings might be inaccurate under cer-
tain circumstances, depending on factors such as the
fit of the device and the type and intensity of the ac-
tivity undertaken by a participant (31-33).
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Statistical Analysis

We preprocessed questionnaire data by manually
categorizing any self-reported symptom entered as
free text. In addition, if participants completed the
questionnaire >1 time in 1 day, we used the last en-
try from that day for the analysis. We preprocessed
smartwatch data as follows. We computed the mean
value of each hour of data. We then performed lin-
ear interpolation to impute missing hourly means
and smoothed the data by calculating the 5-hour
moving average.

For each participant, we defined the 7-day period
before vaccination as the baseline period. We noted
any clinical symptoms from the last questionnaire
completed during the baseline period. Next, we cal-
culated the percentage of participants who reported
new systemic reactions in the 48 hours after vaccina-
tion. For each reaction, we used a 3 distribution to de-
termine a 90% CI. To determine the statistical signifi-
cance of differences between the first and third doses
and between the second and third doses as reflected
by the extent of reported reactions, we used a test for
comparing proportions of 2 partially overlapping
samples with unequal variance (34).

We also calculated the mean difference in well-
being indicators between the postvaccination and
baseline periods. Specifically, for each indicator, for
each of the 3 days postvaccination and for each par-
ticipant, we calculated the difference between that
indicator’s value and its corresponding value in the
baseline period. We then calculated the mean value
over all participants and the associated 90% CI.

To compare the changes in smartwatch physiolog-
ic indicators over the 7 days (168 hours) postvaccina-
tion with those of the baseline period, we performed
the following steps. First, for each participant and each
hour during the 7 days postvaccination, we calculated
the difference between that hour’s indicator value and
that of the corresponding hour in the baseline period
(keeping the same day of the week and same hour dur-
ing the day). Then, we aggregated each hour’s differ-
ences over all participants to calculate a mean differ-
ence and associated 90% CI, which is analogous to a
1-sided t-test a with significance level of 0.05. To deter-
mine the statistical significance of differences between
the first and third doses and between the second and
third doses as reflected by changes in smartwatch in-
dicators during the 48 hours postvaccination, we used
a test for comparing means of 2 partially overlapping
samples with unequal variance (35).

We repeated our analyses for the third dose
stratified by age groups (<50, 50-64, and >65 of age),
sex, and underlying medical condition (present
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versus not present) from a specified list (Table). To
determine the statistical significance of differences
between the groups in these analyses, we used a t-test
for comparing the means of 2 independent samples
with unequal variance.

Ethics Approval

Before participating in the study, all persons were
advised, both orally and in writing, as to the nature
of the study and provided written informed consent.
The study was approved by the Maccabi Health Ser-
vices Helsinki Institutional Review Board (protocol
no. 0122-20-MHS).

Results

Of the 1,609 participants who received >1 dose of the
BNT162b2 vaccine after joining the study, 854 (53.08 %)
were women and 755 (46.92%) men. Their ages were
18-88 years; median age was 52 years (Table). A total
of 1,258 (78.19%) participants had a body mass index
<30 kg/m? and 412 (25.61%) had >1 specific under-
lying medical condition (Table). The distributions of
age and sex and underlying medical conditions were
relatively invariable across the recipients of the first,
second, and third doses (Table).

Our examination of self-reported reactions
showed that the extent of systemic reactions report-
ed after the third vaccine dose was similar to those
reported after the second dose (p = 0.76) and con-
siderably greater than those observed after the first

dose (p<0.001) (Figure 1). Specifically, 60.4% (90% CI
57.9%-62.9%) of the participants did not report any
new symptoms after receiving the third dose com-
pared with 86.5% (90% CI 81.9%-91.0%) after the
first dose and 63.6% (90% CI 59.1%-67.8%) after the
second dose. Moreover, the most frequently reported
types of reactions (fatigue, headache, muscle pain,
fever, and chills) were similar after the second and
third doses. These reactions decreased in nearly all
participants within 3 days (Appendix Figure 8). These
trends are consistent with those reported for the first
and second dose BNT162b2 mRNA vaccine clinical
trial (26).

For the self-reported well-being indicators (Fig-
ure 2), we found that during the first 2 days after the
third vaccine dose, participants showed a major re-
duction in mood level (Figure 2, panel A), sport du-
ration (Figure 2, panel C), and sleep quality (Figure
2, panel D) and a large increase in stress level (Fig-
ure 2, panel B) compared with baseline levels. These
changes decreased on the third day postvaccination.
A similar trend was observed after the second vac-
cine dose, except for the reported stress level, which
remained below the baseline level during the second
and third days postvaccination.

We observed similar trends when analyzing ob-
jective and continuous physiologic measurements col-
lected by the smartwatch (Figure 3, https://wwwnc.
cdc.gov/EID/article/28/7/21-2330-F3.htm;  Appen-
dix Figure 1). Specifically, we identified a considerable

Table. Characteristics of participants in study of self-reported and physiologic reactions to third BNT162b2 mRNA coronavirus disease

(booster) vaccine dose*

Characteristic All participants, n = 1,609

First dose, n = 223

Second dose, n = 351 Third dose, n = 1,344

Sex
M 755 (46.92) 101 (45.29) 160 (45.58) 639 (47.54)
F 854 (53.08) 122 (54.71) 191 (54.42) 705 (52.46)
Age group, y
18-29 226 (14.23) 14 (6.28) 39 (11.11) 189 (14.06)
30-39 272 (16.90) 11 (4.93) 53 (15.10) 219 (16.29)
40-49 177 (11.00) 15 (6.73) 42 (11.97) 138 (10.27)
50-59 420 (26.10) 64 (28.70) 87 (24.79) 375 (27.90)
60-69 358 (22.25) 70 (31.39) 75 (21.37) 308 (22.92)
>70 153 (9.51) 49 (21.97) 55 (15.67) 8.56 (115)
Body mass index, kg/m?
<30.0 1,258 (78.19) 175 (78.48) 280 (79.77) 77.68 (1,044)
>30.0 330 (20.51) 41 (18.39) 60 (17.09) 288 (21.43)
Unspecified 21 (1.31) 7 (3.14) 11 (3.13) 12 (0.89)
Underlying medical condition
Hypertension 228 (14.17) 20.63 (46) 15.95 (56) 14.43 (194)
Diabetes 139 (8.64) 13.00 (29) 7.98 (28) 8.41 (113)
Heart disease 77 (4.79) 7.17 (16) 4.56 (16) 4.99 (67)
Chronic lung disease 81 (5.03) 4.93 (11) 3.70 (13) 5.21 (70)
Immune suppression 13 (0.81) 1.35(3) 0.85 (3) 0.89 (12)
Cancer 10 (0.62) 0.45 (1) 0.57 (2) 0.67 (9)
Renal failure 8 (0.50) 1.79 (4) 1.42 (5) 0.45 (6)
None of the above 1,180 (73.34) 64.57 (144) 72.08 (253) 73.21 (984)
Unspecified 17 (1.06) 1.35(3) 2.85 (10) 0.52 (7)

*Values are no. (%). BNT162b2 vaccine, Pfizer-BioNTech (https://www.pfizer.com).
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Figure 1. Reactions reported
by participants through a mobile
application for self-reported

and physiologic reactions to
BNT162b2 (Pfizer, https://www.
pfizer.com) mRNA coronavirus
disease vaccine doses. Error
bars indicate 90% Cls.
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increase in heart rate (Figure 3, panels A-C) and the
HRV-based stress indicators (Figure 3, panels D-F)
during the first 48 hours after administration of the
third dose. Measurements returned to baseline levels
within 72 hours. In contrast, our analysis of SpO, sug-
gests no apparent changes after vaccination compared
with baseline levels (Figure 3, panels G-I), a result that
is consistent with the results of Gepner et al. (23). The
trends observed for the objective heart rate and HRV
indicators were consistent with those of the subjective
indicators: similar changes after the second and third
doses (heart rate p = 0.86, HRV p = 0.54), and greater
changes after the third dose than the first dose (heart
rate p = 0.004, HRV p<0.001).

We also stratified our analyses of well-being and
smartwatch physiologic indicators after the third vac-
cination by age group, sex, and a previous underlying
medical condition (Figure 4; Appendix Figures 2-7).
For all stratifications, trends were similar to those ob-
served in the general population. We found consider-
able changes in the 2 days after vaccine administra-
tion that decreased almost entirely after 3 days. We
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also found that participants >65 years of age reported
fewer reactions (p<0.001) than did participants 50-65
years of age, who in turn reported even fewer reac-
tions (p = 0.007) than did participants <50 years of age
(Figure 4, panel A). In terms of the objective physio-
logic measures, participants >65 years of age showed
milder changes in HRV than did participants 50-65
years of age (p = 0.075) and milder changes in heart
rate (p = 0.02) than did participants <50 years of age
(Figure 4, panel B).

Male participants reported fewer reactions
(p<0.001) but did not show milder physiologic chang-
es (heart rate p = 0.37, HRV p = 0.59) than female par-
ticipants. Participants who had an underlying medi-
cal condition reported fewer reactions (p<0.001) and
showed milder physiologic changes (heart rate p
= 0.042, HRV p = 0.16), compared with participants
who did not have an underlying medical condition.
Of 9 participants who reported dyspnea, 4 (0.96% of
their age group) were <50 years of age, 4 (0.93 % of their
age group) were 50-64 years of age, and 1 (0.65% of
her age group) was >65 years of age. One participant

Figure 2. Changes in subjective
well-being indicators reported
by participants through a mobile
application for self-reported

and physiologic reactions to
BNT162b2 (Pfizer, https://www.
pfizer.com) mRNA coronavirus
disease vaccine doses. Mean
difference compared with
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well-being indicators of mood
level (A), stress level (B), sport
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(D). Mood level, stress level, and
sleep quality were reported on a
1-5 Likert scale. Sport duration
was measured in minutes. Error
bars indicate 90% Cls. Horizontal
dashed lines indicate no change
compared with baseline levels.
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<50 years of age reported chest pain after vaccination.
None of these participants had an underlying medi-
cal condition. These reactions (i.e., dyspnea and chest
pain) disappeared 2-4 days after vaccination.

Discussion

Our key findings suggest that local and systemic reac-
tions reported after the third (booster) vaccine dose
administration are similar to those reported after the
second dose and considerably greater than those ob-
served after the first dose. Our analyses of self-report-
ed well-being indicators and objective smartwatch
physiologic indicators underscore these results. Fur-
thermore, within 3 days from vaccination with the
third dose, all measures returned to their baseline
levels in all participants. We identified differences in
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subpopulations on the basis of sex, age, and under-
lying medical conditions after administration of the
third vaccine dose. It has been suggested that reac-
tions caused by the COVID-19 vaccine are a byprod-
uct of a short burst of interferon type I generation
concomitant with induction of an effective immune
response (36). Interferon type I generation is substan-
tially stronger in women than in men and stronger
in younger and healthier persons than in older and
less healthy persons. We found that participants <65
years of age, female participants, and participants
without an underlying medical condition showed
greater reactions in self-reported local and systemic
reactions and well-being indicators, as well as in ob-
jective physiologic measurements recorded by the
smartwatch. Our results are also consistent with the
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results of a previous study that found similar trends
after the first and second doses (37).

Clinical trials have not yet used the comprehen-
sive physiologic measures generated by wearable de-
vices, such as smartwatches. Currently, the FDA and
European Medicines Agency evaluate the safety of
and create guidelines for newly developed vaccines
primarily on the basis of subjective, self-reported
questionnaires (22,38). Much of the scientific literature
discusses these self-reported side effects of COVID-19
vaccines. However, integrating wearable devices into
clinical trials, alongside self-reported questionnaires,
can provide more precise and rich data regarding the
vaccines’ effects on physiologic measures.

Our study’s first limitation is that the 1,609 per-
sons who comprised the base dataset of our analyses
might not be representative of the vaccinated popu-
lation in Israel or globally. Nevertheless, the changes
observed in self-reported reactions and well-being
indicators, as well as objective physiologic indica-
tors recorded by the smartwatches, were statistically
significant and consistent with each other. Moreover,
the reaction types, frequency, and duration we ob-
served for the first and second doses were similar
to those observed in the BNT162b2 mRNA vaccine
clinical trials (26). In addition, a clear pattern of re-
turning to baseline levels was observed within 72
hours after vaccination in all examined measures.
Although the sample size was limited, trends were
consistent regardless of age group, sex, and underly-
ing medical conditions.

Second, we did not explicitly control for the ef-
fects of the observational trial setting (e.g., partici-
pating in a trial, wearing a smartwatch, potential
concerns regarding the vaccine). Any effects of the
observational trial setting should, in principle, have
similar effects on our analysis of each of the 3 vac-
cine doses. However, because we found no devia-
tions in most measurements from baseline levels in
the subset of participants who received their first
dose, we believe the changes observed after the sec-
ond and third doses arise from an actual reaction to
the vaccine.

Third, the smartwatches used to obtain physi-
ologic measurements are not medical-grade devices.
Nevertheless, recent studies show a considerably ac-
curate heart rate measurement in the previous ver-
sions of the smartwatch used in this study (31,32). In
the same context, for some measures, such as SpO,,
the timing of measurement might be different across
participants (e.g., if they changed their default set-
tings). In both instances, it is useful to emphasize that
our analyses focused on the change in measurements
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compared with their baseline values, rather than on
their absolute values.

Fourth, all participants in our study received the
BNT162b2 mRNA vaccine. Although our findings
might not be directly generalized to other types of
COVID-19 vaccines, we believe that applying our anal-
yses on other vaccines is likely to yield qualitatively
similar findings because of the similarities observed
between different COVID-19 vaccines (26,39,40).

It would be useful to evaluate the effect of previ-
ous COVID-19 infection episodes on the results we
obtained. However, although our data set contains
some information on COVID-19 infections of partici-
pants during the time they spent in the study, it lacks
information on infection episodes that occurred be-
fore they joined the study, making such analyses an
interesting topic for future research.

Our study strengthens the evidence regarding the
short-term safety of the booster BNT162b2 vaccine
in several ways. First, reports of local and systemic
reactions after the third dose were similar to those
observed after the second dose, which was shown in
clinical trials to be safe (26). Second, the considerable
changes observed for all indicators during the first 2
days after receiving the third vaccine, including self-
reported reactions and well-being indicators, as wells
as objective physiologic indicators collected by the
smartwatch, returned to their baseline levels. Third,
regardless of the observed differences between sub-
populations, our analyses indicated a clear pattern of
return to baseline levels in all considered subpopula-
tions. Fourth, we observed no change in SpO, com-
pared with baseline levels, indicating that major ad-
verse health consequences are less likely.

In conclusion, our study supports the short-term
safety of the third BNT162b2 mRNA COVID-19
(booster) vaccine dose and mitigates, in part, con-
cerns regarding its short-term effects. The medical
and scientific communities could greatly benefit
from the largely unbiased data generated by digital
health technologies, such as the wearable devices
that we analyzed in this study. Our findings could
also be of interest to public health officials and other
stakeholders because it is essential that objective
measures are given attention in the critical evalua-
tion of clinical trials.
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Self-Reported and Physiologic
Reactions to Third BNT162b2 mRNA
COVID-19 (Booster) Vaccine Dose

Appendix Part A: Study Protocol

Background

Vaccination is widely accepted as the most prominent measure in the fight against
COVID-19, posing the greatest hope for ending this major global health pandemic and
related economic crisis (/). Consequently, an unprecedented international effort by
private and public institutions alike was directed at accelerating the traditionally lengthy

vaccine-development process (2—4).

On 2 December 2020, less than a year from the pandemic outbreak, the first
vaccine, BNT162b2 mRNA (Pfizer-BioNTech), was granted an Emergency Use
Authorization (EUA) by the UK Medicines and Healthcare Products Regulatory Agency
(MHRA) (5). This initial authorization was followed by rapid authorizations for
emergency use in several countries, with the U.S. Food and Drug Administration (FDA)

among the first to do so (6).

Safety data from a randomized controlled trial suggests a favorable safety profile
for the BNT162b2 vaccine (7). Specifically, the local and systemic self-reported reactions
during the first 7 days after vaccination were mainly mild to moderate, with a median
onset of 0-2 days after vaccine administration and a median duration of 1-2 days. The
most frequently reported reactions were fatigue, headache, muscle pain, chills, joint pain,
and fever (7). The incidence of serious adverse events was low and was similar between
vaccine- and placebo-treated participants. The safety of the new vaccine over a median of
2 months post-vaccination was similar to that of other viral vaccines. A considerable
fraction of the participants did not report any reaction or adverse event. Likewise, several

other vaccine candidates, including ChAdOx1 nCoV-19 (Oxford/AstraZeneca) and
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mRNA-1273 (Moderna), received EUAs following similar encouraging safety results by

randomized controlled trials (§—10).

The SARS-CoV-2 Delta variant (also termed variant B.1.617.2) was discovered in
October 2020, in India, and was designated as a variant of concern by the World Health
Organization (WHO) in May 2021 (/7—-13). The rapid increase in hospitalizations in
Israel associated with the Delta-driven COVID-19 resurgence, and the imminent risk for
hospital overcrowding, led the Israeli government to initialize on July 30, 2021, an
unparalleled, pro-active, national third (booster) vaccine shot campaign, offering the
BNT162b2 mRNA COVID-19 vaccine to persons over the age of 60. On August 13,
2021, the booster campaign was expanded to include those over 50 years of age, reaching
63% third-dose coverage among the eligible population within only 26 days (/4—17).
Two weeks later, on August 29, 2021, the campaign was expanded to include all persons
16+ of age, demanding only that 5 months have passed since the receipt of the second
dose, reaching 40% third-dose coverage among the eligible population under 50 years of

age, within 16 days (/8,19).

Currently, limited information is available on the safety of a BNT162b2 third
dose (20,21), with such a booster vaccine yet to be authorized by the U.S. Food and Drug
Administration (FDA) to the general population (22). While recent evidence shows that a
third BNT162b2 dose in immunocompromised persons has a favorable safety profile
(21,23), the safety of a third (booster) dose in the general population has not yet been
fully established.

Methods

Study Design

In this study we will analyze data that was already collected and will be collected
as part of the PerMed study (24). Participants in the PerMed study are recruited for a
period of 2 years, during which they are equipped with a Garmin Vivosmart 4
smartwatches and are asked to wear them as much as they could. In addition, participants
install 2 applications on their mobile phones: an application that passively collects data

from the smartwatch and a dedicated mobile application that enables participants to fill a
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daily questionnaire and to report their vaccine date and specific hour. In this study, we
will consider for each participant, the 7-days period before any vaccination dose as the

baseline period.

Participants

The inclusion criteria for the PerMed study includes those aged >18 years.
Persons who are not eligible to give and sign a consent form of their free are excluded. In
this study, we will analyze the data of participants aged 18 years and above, who reported
receiving at least 1 dose of the BNT162b2 mRNA COVID-19 vaccine after joining the
PerMed study. To recruit participants and ensure they complete all the study’s
requirements, we will hire a professional survey company. Potential participants will be
recruited through advertisements in social media, online banners, and word-of-mouth.
The survey company is responsible for guaranteeing the participants meet the study’s
requirements, in particular, that the questionnaires are filled daily, ensuring the
smartwatches are charged constantly and worn properly, and assisting participants

resolve technical problems.

Study Procedures

Before participation in the study, all participants will be advised orally and in
writing about the nature of the experiments and give written, informed consent. At this
time, participants will be asked to complete an enrollment questionnaire that includes
demographic information and health status. In addition, participants will be asked to
install 2 applications on their mobile phones: an application that passively collects data
from the smartwatch and the PerMed application, which enables participants to fill in the
daily questionnaires. Participants will be given instructions regarding the self-reported
symptoms questionnaires and how to operate the smartwatch, which they will wear as

much as they can.
Enroliment Questionnaire

All participants will fill a 1-time enrollment questionnaire that includes
demographic questions and questions about the participant’s health condition in general.

Specifically, the questionnaire will include the following: age, sex, height, weight and

underlying medical conditions (Listed in Table 1, main text). Other questions such as
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name, address, phone and email will be recorded and used by the survey company to
contact the participants. The answers will be filled-in directly by the survey company to

the study’s secured dashboard.

Monitoring Device
Participants will be equipped with Garmin Vivosmart 4 smart fitness trackers.
Among other features, the smartwatch provides all-day heart rate and heart rate

variability and during-night blood oxygen saturation level tracking capabilities (25).

The optical wrist heart rate (HR) monitor of the smartwatch is designed to
continuously monitor a user’s heart rate. The frequency at which heart rate is measured
varies and may depend on the level of activity of the user: when the user starts an

activity, the optical HR monitor’s measurement frequency increases.

Since heart rate variability (HRV) is not easily accessible through Garmin’s
application programming interface (API), we use Garmin’s stress level instead, which is
calculated based on HRV. Specifically, the device uses heart rate data to determine the
interval between each heartbeat. The variable length of time between each heartbeat is
regulated by the body's autonomic nervous system. Less variability between beats
correlates with higher stress levels, whereas an increase in variability indicates less stress

(26). A similar relationship between HRV and stress was also seen in (27,28).

The Pulse Ox monitor of the smartwatch uses a combination of red and infrared
lights with sensors on the back of the device to estimate the percentage of oxygenated
blood (peripheral oxygen saturation). The Pulse Ox monitor is activated each day at a

fixed time for a period of 4 hours (the default is 2:00 AM—6:00 AM).

Examining the data collected in our study, we identified an HR sample roughly
every 15 seconds, an HRV sample every 180 seconds, and an blood oxygen saturation

level sample every 60 seconds.

While the Garmin smartwatch provides state-of-the-art wrist monitoring, it is not
a medical-grade device, and some readings may be inaccurate under certain
circumstances, depending on factors such as the fit of the device and the type and

intensity of the activity undertaken by a participant (29-31).
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Vaccination Questionnaire

The vaccination questionnaire we will use includes the following question:
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Daily Questionnaires

All participants will complete the daily self-reported questionnaire in a dedicated

application (the PerMed mobile application). The daily questionnaire we will use

includes the following questions:
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Data Storage

Data collected from the mobile phone application and from the smartwatches will
be stored on a secure server within Tel Aviv University facilities. The server runs a
CentOS operating system and is located in Software Engineering Building at Tel Aviv
University. This server is protected behind the university’s firewall and is not connected

to external networks. In addition, a secure connection through an SSL protocol and a
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trusted certificate will be obtained for the transfer of information from the mobile phone

application into the secured server.

Access will be restricted to investigators in the study. The information from the
mobile application will be stored in a structured manner on the secured server without
any explicitly identifying information (name, ID number, email). Each participant will be
assigned a coded participant number that will be used to identify the subject in the
database. The code with the identified information will be stored in an encrypted form on
a separate secured server that only the research manager will have access to. Access to all

servers is restricted with username and password.

All (non-digital) questionnaires and signed informed consent documents will be
stored in a secured cabinet in Tel Aviv University, to which only the research manager
and the principal investigators will have access. No data collected as part of the study will

be added to persons’ medical charts.

Data Processing

We will perform several preprocessing steps. Concerning the daily questionnaires,
in cases where participants will fill in the daily questionnaire more than once on a given
day, only the last entry for that day will be considered, as it is reasoned that the last one
likely best represented the entire day. Self-reported symptoms that are entered as the free
text will be manually categorized. With regard to the smartwatch physiologic indicators,
data will first be aggregated per hour (by taking the mean value). Then, to impute missing
values, we will perform a linear interpolation. Finally, data will be smoothed by

calculating the moving average value using a 5-hour sliding window.

Data Analysis

For each participant, we defined the 7-day period before vaccination as a baseline.
First, for the period of 48 hours from vaccination, we will calculate the percentage of
participants who reported new local or systemic reactions compared with their baseline
period (i.e., the last questionnaire each participant filled during the baseline period). For
each reaction, a 90% confidence interval will be calculated, assuming a 3 distribution,
with parameter @ corresponding to the number of participants reporting that reaction plus

one (i.e., “successes”), and parameter [ corresponding to the number of participants who
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did not report that reaction plus one (i.e., “failures”). To determine the statistical
significance of differences between the first and third doses and between the second and
third doses as reflected by the extent of reported reactions, we will use a 2-proportion Z-

test.

Next, we will calculate the changes in well-being indicators reported post-
vaccination compared with those reported during the baseline period. Specifically, for
each indicator and each participant, we will calculate the difference between the value in
each of the 3 days post-vaccination and the corresponding value in the baseline period
(i.e., the last questionnaire filled during the baseline period). Then, for each indicator and
each of the 3 days post vaccination, we will calculate the mean difference value over all

participants and the associated 90% confidence interval.

Finally, we will compare the changes in smartwatch physiologic indicators over
the 7 days (168 hours) post vaccination with those of the baseline period. To do so, we
will perform the following steps. First, for each participant and each hour during the 7
days post vaccination, we will calculate the difference between that hour’s indicator
value and that of the corresponding hour in the baseline period (keeping the same day of
the week and same hour during the day). Then, we will calculate the mean difference
value for each hour over all participants, as well as the 90% confidence interval,
corresponding to a significance level of 0.05 in a 1-sided t-test. To determine the
statistical significance of differences between the first and third doses and between the
second and third doses as reflected by changes in smartwatch indicators during the 48

hours post-vaccination, we will use a 2-sample t-test with unequal variance.

Potential Risks and Risk Management

No specific risks arising from the smartwatches are expected, as the device is
already commercialized with no known adverse reactions. The main risk in this study is
the leakage of private data which we intend to manage as we describe in the following

section.

Privacy/Confidentiality

Results from this study will be handled at an aggregated level. Individual data

records will remain confidential and will not be published or shared with any third party.
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Signed and dated informed consent forms, as well as data recording sheets (e.g., case
report forms) will be stored in locked cabinets during the study and following its
completion. A file containing the personal details of the participants will be coded to help
preserve confidentiality and will be separated from all other data collected throughout the
study. This file will be kept by the principal investigator. Data will be stored on

computers in password-protected files.

The data obtained from the smartwatch used in this study will be linked to a
coded participant number. The smartwatch does not include a global positioning system.
Data collected by the PerMed application will arrive directly to PerMed back-end servers

and will be stored securely.

Appendix Part B: Additional Results

Changes in Objective Physiologic Indicators Measured through the Smartwatch following
the Three Vaccine Doses

Changes in objective physiologic indicators observed during the first 2 days after
the second and third vaccine doses are similar, and considerably greater than those

observed following the first dose.

Page 9 of 22



5,
B First Dose
[ Second Dose
4 o Third Dose
Q
@]
C
Q3]
2
=
a)
£ 2]
(0]
=
1_
0,

Heart Rate Heart Rate Variability-
based Stress

Appendix Figure 1. Changes in objective physiologic indicators measured through the
smartwatch during the first 2 days after vaccine. Mean difference in smartwatch-recorded heart
rate and heart rate variability-based following the first, second and third dose, compared with their
baseline levels. Changes in objective physiologic indicators were calculated by subtracting the

baseline values from the mean value of the first 2 days following the vaccine dose. Error bars
represent 90% confidence intervals.

Changes in reported well-being indicators — stratification by age group

Changes in well-being observed during the first 2 days after the third vaccine dose
were found to be higher for participants younger than 50 years compared with those
between 50 and 65 years, and consequently higher than those older than 65 years, with
the exception of reported stress level (Appendix Figure 2).
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Appendix Figure 2. Changes in well-being indicators reported by participants through the
mobile application stratified by age group. (A) mood level, measured on a 1-to-5 Likert scale.
(B) Stress level, measured on a 1-to-5 Likert scale. (C) Sport duration, measured in minutes. (D)
Sleep quality, measured on a 1-to-5 Likert scale. Changes in well-being indicators were
calculated by subtracting the baseline values from the daily values. Error bars represent 90%

confidence intervals. Horizontal dashed lines represent no change compared with baseline levels.

Changes in Reported Well-Being Indicators — Stratification by Sex
Changes in well-being observed during the first 2 days after the third vaccine dose

were found to be similar for males and females (Appendix Figure 3).
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Appendix Figure 3. Changes in well-being indicators reported by participants through the
mobile application stratified by sex. (A) mood level, measured on a 1-to-5 Likert scale. (B)
Stress level, measured on a 1-to-5 Likert scale. (C) Sport duration, measured in minutes. (D)
Sleep quality, measured on a 1-to-5 Likert scale. Changes in well-being indicators were
calculated by subtracting the baseline values from the daily values. Error bars represent 90%

confidence intervals. Horizontal dashed lines represent no change compared with baseline levels.
Changes in reported well-being indicators — stratification by underlying medical condition

Changes in mood level and sleep quality observed during the first 2 days after the
third vaccine dose were found to be higher for participants without underlying medical

conditions compared with those with underlying medical condition (Appendix Figure 4).
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Appendix Figure 4. Changes in well-being indicators reported by participants through the
mobile application stratified by underlying medical conditions. (A) mood level, measured on a
1-to-5 Likert scale. (B) Stress level, measured on a 1-to-5 Likert scale. (C) Sport duration,
measured in minutes. (D) Sleep quality, measured on a 1-to-5 Likert scale. Changes in well-being
indicators were calculated by subtracting the baseline values from the daily values. Error bars
represent 90% confidence intervals. Horizontal dashed lines represent no change compared with
baseline levels.
Changes in Physiologic Indicators — Stratification by Age Group

Changes in physiologic indicators after the third vaccine dose stratified by age
group were consistent with those observed in the general population (considerable
changes during the first 2 days after vaccine administration that faded nearly entirely
after 3 days). These changes were found to be higher for participants younger than 50

years compared with those between 50 and 65 years, and consequently higher than those

older than 65 years (Appendix Figure 5).
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Appendix Figure 5. Changes in physiologic indicators measured through the smartwatch
stratified by age groups. Mean difference in heart rate and heart rate variability-based stress
indicators following the third dose, recorded by a smartwatch, compared with their baseline
levels: (A and B) heart rate, (C and D) heart rate variability-based stress. Mean values are
depicted as solid lines; 90% confidence intervals are presented as shaded regions. The
horizontal dashed line represents no change compared with the baseline levels, and vertical lines
represent 24-hour periods.
Changes in Physiologic Indicators — Stratification by Sex

Changes in physiologic indicators after the third vaccine dose stratified by sex
were consistent with those observed in the general population (considerable changes
during the first 2 days after vaccine administration that faded nearly entirely after 3 days).

These changes were found to be higher for females compared with males (Appendix

Figure 6).
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Appendix Figure 6. Changes in physiologic indicators measured through the smartwatch
stratified by sex. Mean difference in heart rate and heart rate variability-based stress indicators
following the third dose, recorded by a smartwatch, compared with their baseline levels: (A and
B) heart rate, (C and D) heart rate variability-based stress. Mean values are depicted as solid
lines; 90% confidence intervals are presented as shaded regions. The horizontal dashed line
represents no change compared with the baseline levels, and vertical lines represent 24-hour
periods.
Changes in Physiologic Indicators — Stratification by Underlying Medical Condition
Changes in physiologic indicators after the third vaccine dose stratified by
underlying medical condition were consistent with those observed in the general
population (considerable changes during the first 2 days after vaccine administration that
faded nearly entirely after 3 days). These changes were found to be higher for

participants without underlying medical conditions compared with those with underlying

medical condition (Appendix Figure 7).
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Appendix Figure 7. Changes in physiologic indicators measured through the smartwatch
stratified by underlying medical conditions. Mean difference in heart rate and heart rate variability-
based stress indicators following the third dose, recorded by a smartwatch, compared with their
baseline levels: (A and B) heart rate and (C and D) heart rate variability-based stress. Mean
values are depicted as solid lines; 90% confidence intervals are presented as shaded regions.
The horizontal dashed line represents no change compared with the baseline levels, and vertical

lines represent 24-hour periods.
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Thirty Days Analysis for Self-Reported Local and Systemic Reactions after the Third Dose
We observe a sharp decline in reported local and systemic reactions following 3

days after the third vaccination dose, and nearly a complete halt within 30 days post-

vaccination (Appendix Figure 8). Fatigue and headache were the most frequent reactions

reported and lasted longer than the other reported reactions.
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Appendix Figure 8. Most frequent local and systemic reactions reported by participants

through the mobile application after the third dose. (A) fatigue, (B) muscle pain, (C) headache,
(D) fever, and (E) chills.
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Pairwise Analysis of Doses

A considerable number of participants joined our study after receiving the first or
second dose. Thus, in our main analyses, we compared the third dose to the first or
second dose by using statistical significance tests for comparing the means of 2 partially
overlapping samples with unequal variance. To further support the results of our main
analyses, we also conducted an analysis where we examined changes in reactions for the
subgroups of participants who reported receiving all 3 doses. To determine the statistical
significance of differences in the proportions of participants’ self-reported reactions
between doses, we used McNemar tests (Appendix Table 1). To determine the statistical
significance of differences in the change in smartwatch measurements between doses we

used paired t-tests (Appendix Table 2).

Appendix Table 1. Self-reported reactions (N = 53)
% participants who reported no reaction after

Compared doses vaccination p value
First and third First dose: 84.91%, third dose: 64.51% <0.001
Second and third Second dose: 75.47%, third dose: 64.51% <0.01

Appendix Table 2. Change in smartwatch measurements (N = 69)
Mean difference in measure in the 48 h

Measure Compared doses postvaccination p value

Heart rate First and third First dose: 0.521, third dose: 2.168 <0.05
Second and third Second dose: 1.617, third dose: 2.168 0.405

Heart rate variability First and third First dose: 1.298, third dose: 6.204 <0.01
Second and third Second dose: 4.343, third dose: 6.204 0.239

Calculation of Required Sample Size

The primary goal of the study was to compare reactions following the third dose
to those observed in the first and second doses. Particularly, we wanted to know whether
reactions following the third dose will be greater than those observed following the
second dose. The logic for this notion is the expectation that reactions following primary
exposure are typically milder than those following subsequent exposure (namely second
or booster dose). Thus, to determine the required sample size, we first identified the five
most prevalent systemic reactions observed during the Pfizer clinical trial: headache,
fatigue, fever, chills, and muscle pain. Based on those trials, the frequency of these
reactions ranged between 16%—-59% in persons 1655, and 11%—-51% in persons >55 (7).

We considered a standard statistical power of >80% for a scenario where reactions are
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more prevalent at least 10% than those observed in the clinical trials. We conservatively
assumed a non-repeated framework (i.e., different participants received the third dose
than those who received the first and second doses). Taken together, we used a Z-test to
evaluate the difference in the two population proportions. Under the standard
assumptions of @ = 0.05, 8 = 1 — m = 0.8, and the formula (Z .+ Z3)° x (pi(1 — p1) +
p2(1 —p2))/(pi-p2)°, we derived a required n = 203-282 in persons 18-55 (which
correspond to 16%—-59%) namely >282, and 164-302 (which corresponds to 11%—-51%)
namely n > 302 in persons >55. To conclude, the actual number of participants in our

study is considerably larger than the one required to ensure statistical significance.

The primary goal of the study was to compare reactions following the third dose

to those
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